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INTRODUCTION 
It has been well established that bacteria can degrade 
arginine by decarboxylation or deamination. The metabolism 
of arginine by these pathways is not unique however; other 
amino acids are degraded in the same way although by different 
enzymes. 
The amino acid decarboxylases, irrespective of source or 
substrate attacked, follofj a coitmon mechanism in that all 
require pyridoxal phosphate for activity. On the other hand, 
the mechanisms whereby ammonia is liberated from amino acids 
are numerous. Only those pertinent to arginine will be 
mentioned. 
Yarious bacteria deaminate arginine, as well as other 
amino acids, by an oxidative process. The enzymes vriiich 
catalyze oxidative deaminations are knom as L-amino acid 
oxidases. The mechanism of oxidative deamination has been 
extensively investigated with the L-glutomic acid dehydro­
genase of Escherichia coli where it has been shown that 
triphosphopyridine nucleotide acts as the electron mediator. 
The product of the oxidation is an imino acid which is 
decomposed hydrolytically to ammonia and a keto acid. 0?he 
oxidation of the reduced triphosphopyridine nucleotide is 
accomplished by molecular oxygen via the cytochrome system. 
A method of amino acid deamination peculiar to Clostridium 
vjas discovered by stickland in 1924. This reaction occvu^s 
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only in the presence of a suitable pair of amino acids which 
function as electron donor and acceptor* The oxidation-
reduction of the amino acid pair ia accompanied by liberation 
of airanonia from both acids. In this scheme arginine acts as 
an electron acceptor for numerous amino acids. Some species 
Clos'fcridium reduce arginine, as well as other amino acids, 
with molecular hydrogen thereby dispensing with an amino acid 
electron donor. The nature of the electron mediator in the 
Stickland reaction has not been identified. 
It is evident that electron transfer is coitunon to both 
oxidative deamination and the Stickland reaction. "The 
processes differ only in the nature of the final electron 
acceptor. In oxidative deamination it is molecular oxygen; 
in the Stickland mechanism an amino acid serves the same 
purpose, the difference arising from the fact that Glostridim 
is not enzymatically equipped to reduce molecular oscygen. 
Because both methods of deeraination are oxidative they are 
important as possible sources of energy. The mechanism 
vihereby this energy becomes biologically available has not 
been investigated. 
Arginine may also be degraded by deamidinetion. The 
enzyme responsible is called arginase and is found in Vinusual-
ly high concentration in the livers of ureotelic animals. 
Because the formation of urea by deamidination of arginine 
serves as a means of nitrogen elimination this ensj^mc is of 
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great metabolic importance. Arginase has been reported in 
bacteria although its significance is not knoxra.. It would 
not appear that the formation of urea in bacteria has the 
same metabolic role as it does in animal tissue. 
A method of arginine metabolism, different from those 
already mentioned, vias first proposed by Hills in 1940» He 
noted that gram-positive cocci, notably Streptococcus, liber­
ate ammonia, carbon dioxide end ornithine from arginine in 
the absence of ureese but are unable to metabolize citrulline. 
Because urease is not present and citrulline is not attacked, 
Hills proposed that the guanido group of arginine is hydrolyz-
ed to form urea which remains attached to the enzyme surface 
and there undergoes hydrolysis to carbon dioxide and ammonia. 
The enzyme, called arginine dihydrolase, x^-as thus presumed to 
act in the manner of arginase end urease combined. 
Data presented in this thesis show that arginine is 
degraded to carbon dioxide, ammonia and ornithine by Strepto­
coccus lactis in a step-wise fashion via citrulline. The 
enzyme which catalyzes the conversion of arginine to citrul­
line has been isolated by use of dialyzed cell-free extracts. 
Although citrulline is not attacked by whole cells it :is 
readily metabolized by cell-free extracts in the presence of 
orthophosphate, Mg^^, and adenosine diphosphate. The conver­
sion of citrulline to ornithine is phosphorolytic in nature 
and leads to the synthesis of adenosine triphosphate. It is 
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thus evident that the decomposition of citrulline can serve 
as an energy source for certain bacteria. From this stand­
point the metabolism of citrulline, and indirectly of 
arginine, is of considerable interest and represents the first 
example showing that the degradation of an amino acid is 
linked to the synthesis of energy-rich phosphate bonds. 
The fixation of carbon dioxide by heterotrophic organisms 
has been demonstrated numerous times since Uood and V/erkman 
made their classical experiments. Fixation has been shown to 
occur into many compounds and various types of enzyme prepa­
rations have been used. Of particular interest to the bacte­
rial enzymologist are experiments made with cell-free extracts. 
Examples of carbon dioxide fixation into amino acids catalyzed 
by enzymes present in extracts are not numerous. Bata pres­
ented in this thesis indicate that is fixed into citrul­
line by cell-free extracts of Streptococcus lactis. Tiie 
citrulline-ornithine reaction is thus shown to be reversible. 
Although a net synthesis of citrulline has been noted, the 
extent of fixation is greater in the exchange type of experi­
ment. In contrast to the soluble enzyme preparation of liver 
no requirement for carbamyl-L-glutamic acid by the bacterial 
system m&s found. 
On the basis of evidence submitted in this thesis a 
mechanism for the degradation and synthesis of citrulline by 
bacteria is proposed. 
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H1YIE.W OF LITERATURE 
The present discussion viill deal ?Jith literature on the 
metabolism of the guanido group of arginine and closely relat­
ed matters, Ifor information on bacterial amino acifi decar­
boxylases and deaminases reference is made to Gale (1951). 
The anaerobic deaminases are briefly discussed by Blsden 
(1952). Literature on D- and L-amino oxidases is comprehen­
sively reviewed by iCrebs (1951) and the amino acid decar­
boxylases are treated in an excellent review by Schales (1951). 
A review of the literature on arginase is given by Greenberg 
(1951). 
Degradation of the Guanido Group 
Conversion of arginine to ornithine 
The production of ornithine from arginine by mixed 
putrefactive organisms was noted in early investigations by 
Ellinger (1899) and Ackermann (1908). The formation of 
ornithine was assumed to be the result of arginase and urease 
activity. 
Brief mention has already been made of the \7ork of Hills 
(1940). Of the Si amino acids tested, significant amounts of 
ammonia were produced only from arginine by Streptococcus 
hemolyticus. Streptococcus viridans. Streptococcus faecalis 
and Streptococcus lactis. The ratio of ajamonia to carbon 
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dioxide v?as nearly txvo and ornithine v/as identified as the 
benzoyl derivative. The stoichiometry of the reaction itos 
interpreted to indicate that arginine is decomposed according 
to ths following equation: 
^ SHgO ^ f COg 
(It: •.OHg-CHg-CHg-CHIv^-COOH) 
The entire reaction was depicted as hydrolytic in nature and 
was assumed to be catalyzed by one enzyme because neither 
urea nor citrulline \ms attacked. Hills rejected citrulline 
as a possible intermediate on this basis although all experi­
ments were raade with untreated whole cells, similar conclu­
sions were dratm from studies with Staphylococcus and Clos­
tridium. In the former, urease ms present but its activity 
was not great enough to account for the observed rate of 
arginine degradation. 
Niven, Smiley, and Sherman (1942) found an increase in 
ammonia production by Streptococcus upon addition of arginine 
to a yeast estract-trypotone-glucose medium. Gale (1945) 
concluded that the extent of utilization of arginine by group 
® Streptococcus was related to the activity of the dihydrolase 
system. The disappearance of arginine from an arginine-glucose 
medium began as soon as grovjth started. Cells in the very 
early phases of growth, epproximetely 3 hours old, nexe found 
to be most active on arginine, and the dihydrolase activity 
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decreased with increasing incubation time. These ohserTations 
led Gale to suggest that the function of the dihydrolase 
system is to provide carbon dioxide for growth purposes in 
those organisms unable to produce it from fermentations. 
Slade and Slamp (1952) reported that cellular suspensions of 
two strains (DH and DIO) of group D Streptococcus decompose 
arginine according to the equation of Hills (1940). The 
reaction was carried to 90 per cent of completion. The addi­
tion of arginine to a glucose-yeast extract-casitone (pancre­
atic digest of casein) medium greatly enhanced arginine 
dihydrolase activity. Contrary to the findings of Gale (1945) 
with strain ST of streptococcus faecalls, these authors 
observed, with the two strains noted above, that arginine did 
not begin to disappear as soon as growth comraenced. The 
removal of arginine began instead after ti^o-thirds of the 
cell crop had been formed. This required about 7 hours at 
27° G. The dihydrolase activity increased until almost all 
of the arginine had been fermented. Highest dihydrolase 
activity was found in cells at least 12 hours old. It was 
concluded that arginine dihydrolase is synthesized during the 
fermentation of arginine and thus the enzyme is adaptive. 
The authors suggested that the arginine dihydrolase in strain 
ST used by Gale (1945) is a constitutive enzyme. Slade and 
Doughty (1952) compared the effect of arginine on growth and 
formation of arginine dihydrolase in strains ST and BIO of 
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Streptococcus faecalla. Strain ST produced an active dihy-
drolase during the first 4 hours of grov^th as had been 
reported by Gale (1945). The activity decreased to about 60 
per cent between the sixth and eighth hours of incubation 
whereas total growth doubled during the same periodo In 
contrast, the dihydrolase activity of strain DIO increased 
as growth progressed. The latter process vms completed by 
the time 75 per cent of the arginine had been removed. Strain 
DIO required about 100 times more arginine than did strain ST 
to produce a comparable enzyme activity. Because tiie synthe­
sis of arginine dihydrolase occurred concurrently with growth 
in strain ST the utilization of arginine is thought to be 
directly connected xfith gro?/th. Both strains, however;, showed 
an absolute growth requirement for arginine. 
Woods and Trim {1942} reported that whole cells of 
Clostridium welchil (SP.~9) attacked arginine but were Inac­
tive upon citrulline, thus confirming the earlier observa­
tions of Hills {1940). 
Roche et (1948) and Roche, Lacombe, and Girard {1950} 
shox^ed that the arginine dihydrolase system is present in 
Pseudomonas ovalis. This organism also contains creatinase, 
creatininase, glycooyaminase, and is active upon arginlc acid 
and agmatine. 
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Conversion of arginine to citrulllne 
That citrulllne may be an intermediate in the degrada­
tion of arginine ikis first indicated by Horn {19S3). After 
incubation of arginine with Bacillus pyocyeneus (Pseudomonas 
aeruginosa) citrulllne was isolated from the reaction mixture. 
Horn named the enzyme responsible arginine desimidase. 
Tomota (1941) reported similar results with the same organism. 
Sekine (1947) and Akamatsu and Sekine (1951) found that 
arginine was degraded to citrulllne and ammonia by uhole cells 
of Streptococcus faecalis. These authors proposed the name 
metarginase for the enzyme. Knivett (1952) found that cell-
free preparations or whole cells of Streptococcus faecalis 
which had been treated vdth acetone or cetyltrimethj^l-
ammonium bromide attacked arginine. One mole of ammonia was 
liberated per mole of arginine degraded. Citrulllne was 
identified chromatographically. Oglnsky and Gehrig (1952a, 
b) prepared cell-free extracts of Streptococcus faecalis and 
Pseudomonas aeruginosa and reported that arginine 7;as degraded 
to equimolar quantities of ammonia and citrulllne. Arginine 
desimidase, the name proposed by Horn (19S3), u-as adopted by 
Oglnsky and Gehrig for the enzyme from Streptococcus faecalis. 
Slade (1953) has reported similar observations \7ith cell-free 
extracts of strain DIO of Streptococcus faecalis as have 
Korzenovsky and Werkman (1953c) with extracts of Streptococcus 
lactls. Oglnsky and Gehrig (1952b), Slade (1953) and 
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iCorz-enovsky and Werkman (1953c) have found the arginine 
desimidase of streptococcal origin to he highly specific for 
arginine. The last named authors have shown that dialyaed 
extracts of Streptococcus lactis are useful for the quanti­
tative degradation of the guanido group of L-arginine in the 
presence of amino acids and compounds with the guanido or 
carbamido group. 
Schmidt, Logan, and Tytell (1952) obtained extracts of 
Clostridl\xm perfringens (BP62C) which catalyzed the conversion 
of arginine to citrulline and ammonia. Roche and Lacombe 
(1952) found that extracts of Baker's yeast also metabolite 
arginine to citrulline. The name arginine desiminase for the 
enzyme was suggested by the latter authors. 
Conversion of citrulline to ornithine 
Sekine (1947) and Akamatsu and Sekine (1951) stated that 
citrulline is decomposed \fith the production of timmonia by 
whole cells of Streptococcus faecalis. They named the enzyme 
responsible citrullinase. Khivett (1952) found that citrul­
line was attacked very slowly by intact cells of Streptococcus 
faecalis and not at all by cells treated with cetyltrimethyl-
ammonium bromide or acetone. Upon addition of large amounts 
of adenosine triphosphate cells xshich had been treated \7ith 
cetyltrimethylammonium bromide metabolized citrulline to 
ornithine, ammonia and carbon dioxide, Oginsky and Gehrig 
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(1952a) reported that acetone-dried cells of Streptococcus 
faecalis rapidly formed aumionia and carhon dioxide from 
citrulline whereas untreated cells or cell-free extracts were 
inactive. Schmidt, Logan, and Tytell (1952) reported that 
citrulline i^as attacked by untreated whole cells of 
Clostridium perfringens (BP6S:). Cell-free preparations were 
found to be inactive. Korzenovsky and Werkman (195Sa) xvere 
the first to describe the preparation of cell-free extracts 
capable of converting citr\illxne to equimolar quantities of 
ornithine, carbon dioxide and ammonia. The extracts vjere 
prepared by sonic disintegration of Streptococcus lactis. 
Recently Slade (1953), Knivett (1953), and Korzenovsky and 
Werkman (1953a, b) have shovm that the conversion of citrul-
t,L 
line to ornithine requires orthophosphate, Mg , and adenosine 
diphosphate. 
Synthesis of the Guanido Group 
The ornithine cycle 
Interest in the synthesis of the guanido group of argi-
nine began with the v:ovk of Hrebs and Henseleit (1932) who 
found that the addition of ornithine or citrulline greatly 
accelerated the formation of urea from ammonia by liver slicea 
The effects of ornithine and citrulline \^ere catalytic inas­
much as no stoichiometric relationship existed between the 
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concentration of these compounds and the eiaount of urea 
synthesized. These observations were finally interpreted in 
terms of a cyclic process \irliich involved the synthesis of the 
guanido group of arginine from ornithine via citrulline. Urea 
v/es produced by the action of arginase to release ornithine 
back into the cycle. This interpretation, now known as the 
ornithine cycle, accounted for urea synthesis and offered an 
explanation for the occurrence of high concentration of 
arginase in liver. 
Cohen and Hayano (1946a, b, 1947, 1948) demonstrated by 
differential centrifugation of liver homogenates that the 
synthesis of arginine could be resolved into two steps. 
Enzymes responsible for the synthesis of citrulline from 
ornithine were found to be present in the particulate fraction 
whereas the i,?hole homogenate was required for synthesis of 
arginine from citrulline. The enzymes for the latter synthe­
sis were found to be associated ivith two fractions, a soluble 
protein and the insoluble residue. The insoluble residue was 
believed to contain the system for the transport of hydrogen. 
Both steps in the synthesis of arginine required oxygen, Mg^^, 
adenosine triphosphate and glutamic acid. In addition, the 
synthesis of arginine from citrulline required fumaric acid 
and cytochrome c_. The preparation of active homogenates was 
of considerable importance because it made possible the study 
of the mechanism of these syntheses. 
1 
^nthesis of arginine from citrulllne 
Ratner (1947), Hatner and Pappas (1949a, b), and Eatner 
and Petrack (1951, 1953a, b) fractionated aqueous esctracts of 
aeeton-dried isiainmalian liver with ethanol and obtained a 
preparation x^hich catalyzed the synthesis of arginine from 
citrulline in the presence of adenosine triphosphate (jVTP), 
Mg and aspartie acid under anaerobic conditions. The over­
all reaction was depicted as follows; 
Mg'"*' 
L-Citrulline f L-Aspartie Acid f ATP ^ 
L'-iirginine f L~Malic Acid f ADP f FO4 
Although adenosine triphosphate is necessary for the reaction 
high concentrations were found to be inhibitory. A steady 
supply of adenosine triphosphate at non-inhibitory concen^ 
trations was supplied by use of phosphoglyceric acid in the 
presence of the required glycolytic enzyuies. Aspartie acid 
could not be replaced by glutamic acid unless oxalacetic acid 
was also present. The latter combination is known to yield 
aspartie acid by transamination. These authors have shown by 
amiEionium sulfate fractionation that two enzymes are required 
to carry out the over-all reaction. The first stepp catalyzed 
by the condensing enzyme, yields argininosuccinic acid, the 
new intermediate in the over-all reaction. The formation of 
this compound is accomplished by condensation of citrulline 
and aspartie acid with utilization of phosphate-bond energy 
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supplied by adenosine triphosphate. The second step is 
catalyzed by the hydrolyzing enzyme which acts upon the 
argininosuccinic acid formed in the previous reaction to yield 
arginine and malic acid. The entire reaction is as follows 
(Eatner and Pappas, 1949a); 
Condensing 
1. L-Citrulline f L~Aspartic Acid f ATP p-
Snzyme 
Argininosuccinic Acid f ADP f P0| 
Hydrolyzing 
8, Argininosuccinic Acid f HgO 
Enzyme 
L-Arginine f L-Malic Acid 
In contrast to keto acid-amino acid transamination where­
in the net energy change is small the nitrogen transfer 
betx?een citrulline and aspartic acid is endergonic. The re­
action has not been reversed nor is the nature of the phos-
phorylated intermediate knoxm. 
Synthesis of citrulline from ornithine 
Cohen and Hayano (1948) found that washed residues of 
rat liver homogenates form citrulline from ornithine when 
supplemented with adenosine triphosphate, Mg^^, bicarbonate, 
ammonium ion and glutsiaic acid. The reaction also required 
oxygen. The role of glutamic acid in the synthesis of citrul­
line was studied by Gohen and Grisolia (1948, 1950) who 
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resolT?ed the synthesis into txTO steps. A reaction mixture 
containing all components except ornithine vsas incubated 
aerobically. imaerobic conditions -were then established and 
ornithine was added liJhereupon the synthesis of citrulline 
occiirred. It was apparent that only part of the synthesis 
required oxygen. Presumably some compound was formed aero­
bically which involired glutamic acid, carbon dioxide and 
ammonia and which could then react with ornithine anaerobical-
ly to give citrulline. A number of possible compounds was 
tested and it was found that carbamyl-L-glutamic acid readily 
replaced glutamic acid. To explain the effect of carbamyl-L-
glutamic acid a transcarbamylation reaction was postulated 
(Cohen and Grisoliaj 1950). However, data in support of this 
idea could not be obtained because ammonium ion and bicarbon­
ate viere still required. Grisolia and Cohen (1951) obtained 
a soluble enzyme preparation which carried out the synthesis 
of citrulline anaerobic ally. With this preparation it i?as 
shomi that no direct transcarbamylation from carbamyl-L-
glutamic acid to ornithine occurs {Grisolia, Burris and Cohen, 
1951). Evidence was presented which indicated that carbon 
dioxide and ammonia in the presence of adenosine triphos-
f f phate, Mg and enzyme form a reactive derivative with carbam­
yl-L-glutamic acid. This reactive derivative, designated as 
compound X, was accumulated by incubation of a reaction mix­
ture without ornithine (Grisolia and Cohen, 1952)c Although 
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little is known about the structure of compound X, Grisolia 
(1951) has reported that its destruction occurs in the 
follovsing order: dephosphorylation, decarboxylation, deamina-
tion. According to the information presently available the 
synthesis of eitrulline occurs as follOYJS (Grisolia and Cohen, 
1S5S}J 
ATP 
1. Carbamyl-L-Glutamic l.cid COg —Compound X 
2. compound S I- Ornithine—Carbamyl-L-Glutamic Acid 
?- Gitrulline 
Grisolia (1955a) has shown that L-formylglutamic ecid 
can replace carbamyl-L-glutamic acid although it is less ef-
fectiTe. More recently acetyl-L-glutamic acid has been found 
to be more effective than carbamyl-L-glutanic acid. (Grisolia, 
195Sb). The structure of the natxirally occurring compound is 
thus in doubt. 
Synthesis of arginine and eitrulline by microorganisms 
Information on the synthesis of arginine and eitrulline 
by micsroorganisms is scant. Srb and Horo\7itz (1944) isolated 
artificially induced mutants of Heurospora crassa r/hioh 
required arginine for growth. In other mutant strains it was 
found that eitrulline could replace erginine ivhereas in still 
others ornithine could replace both eitrulline and arginine. 
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These findings indicated that arginine is synthesizeo: from 
ornithine via citrulline. Mutont strains isere also found 
which eould utilize glutamic acid in place of the three araino 
acids mentioned abo¥e, The conversion of glutamic acid to 
ornithine did not appear to be direct hovjever, but involved 
an unknott/n intermediate* This intermediate could also be 
supplied by proline, Bonner (1946) has reported similar 
findings with Penicillium notaturn> Abelson, Bolton and 
Aldous (195Sa, b) found the guanido carbon of arginiae labeled 
when Escherichia coli was grovm in the presence of NaHC^'^Os. 
The utilization of carbon dioxide for synthesis of the guanido 
group ?jas eliminated when citrulline v?as present in the growth 
medium, similar observations have been reported by McLean and 
Purdie (1951) ^sith Serratia marcenscens. Brennan (195S) iso­
lated radioactive arginine and citrulline from cell hydroly-
zates of saccharomyces cerevisiae following short periods of 
exposure to Ha 
18 
mmoBs Awj Mk'smuiB 
Organism and Medium 
Streptococcus lactis-5B5 {loisa State College laboratory 
culture) was used in tiie present investigation. Although 
conditions for the culture of the organism as described by 
ICorzenovslcy and Werkman (1952) are satisfactory it was found 
advantageous to make several minor modifications. Decrease 
in the ooncentration of glucose from 0.6 per cent to 0.2S per 
cent and incubation at 31® C. rather than at 37° C. resulted 
in cells of greater activity although the total mass produced 
per liter of medium was considerably less. The rr-odified 
medi\im is of the following composition: 1 per cent Becto-
Tryptone, 1 per cent Bacto-Ye&st Extract, 0.22 per cent 
glucose, 0.88 per cent SgHP04*3H20, and S.S per cent tap 
water. The medium xtos prepared in 9 liter quantities, steri­
lized for 45 minutes at 15 pounds pressure, cooled at 31° c., 
and inoculated with 150 ml. of a 24 hour old culture. The 
inoculum was cultured in a medium of the same composition 
except that the concentration of glucose was reduced to 0.1 
per cent. The 9 liter culture i-jas incubated for 6 to 7 hours 
at 31® C. v/ith vigorous shaking by hand at hoiirly intervals. 
The crop, averaging 1.5 to 2.0 gra. of packed cells per liter 
of medium, was harvested in a Sharpies centrifuge, washed twice 
viith either 0.05 M phosphate buffer pH 6.2-6.3 or 0.05 M 
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acetate buffer pH 5.4-5.8 depending upon the reaction to be 
studied, and made to a 30 per cent suspension (wet vreight) in 
the appropriate buffer. 
Enzyme Preparations 
Whole cells 
Washed whole cells which had been prepared and suspended 
in buffer as described above were diluted to an appropriate 
concentration and used without further treatraent. 
Cell-free extracts 
Cell-free extracts were prepared by sonic disintegration 
of the 30 per cent suspension in a Raytheon oscillator oper­
ated at 9 kilocycles for 90 minutes. Twenty to 25 nil. of the 
suspension were treated at a time. With 12 ml. of suspension 
the period of treatment may be reduced to 45 minutes. Debris 
was removed by centrifugation at 15,000 RPM for 25 minutes in 
an International Refrigerated centrifuge equipped with a high 
speed head. Extracts may be stored at -10® C. for several 
months without appreciable decrease in activity. 
Analytical Procedures 
Determinations of the products were done on aliquots of 
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the reaction mixture after removal of precipitated protein 
either by centrifugation or filtration. Several methods of 
deproteinization \'i;ere used depending upon the iDroduct to be 
determined. Reference to these is made at appropriate places. 
Inasmuch as standard procedures T/ere used for the deter­
mination of products these methods will not be presented in 
detail. Modifications of published procedures or details 
relative to the application of any procedixre to the problem 
under consideration ?/ill be fully discussed. 
Ammonia 
iimmonia was determined by distillation with a Parnas-
ifagner apparatus into acid follox^ed by nesslerization. The 
color developed was read in a Klett colorimeter vrith a 520 
filter. Care must be exercised in the use of this procedure 
because eitrulline or arginine will slowly lose aianonia in 
the presence of strong alkali. It was found, however, that 
if the amounts of ammonia in the saiaple are kept lou so that 
the distillation is completed quickly, the error is negligi­
ble. A, saturated solution of sodium tetra-borate may be used 
in place of strong alkali to release the ammonia. Under such 
conditions destruction of eitrulline or arginine does not 
occur nor is ammonia released from hydroxylamine. Xt is 
necessary to establish that the acidity of the sample does 
not exceed the amotint of borate used because ammonia is 
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released only from an alkaline solution. This is of particu­
lar importance inasmuch as sodium tetra-borate is a weak base 
of low solubility and the amount of solution to be distilled 
is limited by the size of the apparatus. Reaction mixtures 
for the determination of ammonia were deproteinized with 
tungstic acid (2 parts of 10 per cent HgS04. and 1 part of 10 
per cent NagWO^) or with 5 per cent (w/v) trichloroacetic acid. 
Orthophosphate 
The method of Lowry and Lopez {1946) vias used for the 
determination of orthophosphate. Reaction mixtures were de­
proteinized with saturated ammonium sulfate or nith ice-cold 
5 per cent (w/v) trichloroacetic acid and immediately brought 
to pH 4,0 with 0.1 M sodium acetate. To insure satisfactory 
deproteinization the final concentration of ammonium sulfate 
in the reaction mixture should be 80 per cent of saturation. 
The color developed v7as read in a Klett colorimeter with a 660 
filter. 
Arig;inine 
Arginine xiras determined according to Sakaguchi (1948) on 
mixtures deproteinized ?iith 5 per cent (vj/v) trichloroacetic 
acid. The color developed was read in a ICLett colorimeter 
with a 520 filter. 
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Citrulline 
The method of Archibald (1944) was used, for the deter­
mination of citrulline. Protein-free filtrates were made with 
5 per cent (w/v) trichloroacetic acid, A Klett colorimeter 
with a 470 filter was used to read the color developed. 
Ornithine 
Ornithine was determined according to Chinard (1952) on 
protein-free filtrates prepared with 5 per cent ivi/v) tri­
chloroacetic acid. The color developed ¥;as read in a Klett 
colorimeter ii?ith a 520 filter. 
Protein 
The biuret method of Weichsslbaum (1546) was used for 
the deterriiiuatioa of protein in extracts. A standard curve 
?/as prepared xfith Armour's Bovine Plasma Albumin, Crystal­
lized. A ICLett colorimeter with a 540 filter was used to read 
the color. 
Glucose 
Glucose was determined according to Somogyi (1945a) with 
the chromogenic reagent of Helson (1944) and read in a Klett 
colorimeter \?lth e 5S0 filter. Mixtures were deproteinized 
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with. Ba(OH)g-ZnSO^ (Somogyi, 19451)). Tliis deproteinizing 
reagent also removes phosphoric esters (Colowick, Cori and 
Slein, 1947). 
jfructose 
The method of Roe (1924) was used for the determination 
of fructose. This procedure does not distinguish between 
fructose, fruetose-6-phosphate or fructose-l,6-diphosphate; 
hence results are reported simply as fructose. Analyses were 
made on mixtures deproteinized with 5 per cent (w/v) tri­
chloroacetic acid. The color developed vias read in a Hett 
colorimeter isith a 4E0 filter. 
Glucose-e-phosphate 
Glucose-6-phosphate was determined manometrically with 
triphosphopyridine nucleotide, Z.v7ischenferment and yellow 
enzyme. The analytical mlxtiire contained 0.05 M glycylglycine 
buffer, pH 7.4, O.S mg. triphosphopyridine nucleotide, 4.0 mg. 
ZVifischenferment. 0.4 ml. 25 per cent (v/v) yellow enzyme 
solution and deproteinized unknoxm solution made to pH 7.4 
or known solution of glucose-e-phosphste. The reaction v^as 
conducted in Warburg flasks of about 6 ml. capacity with 
sodium hydroxide solution in the center well; gas, oxygen. 
The procedure for the determination of glucose-6-phosphate 
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did not give 100 per cent recovery. Known solutions ?;ere 
ali'jays run witla unknowns and appropriate corrections made. 
3?rotein-free filtrates to be used for the determination of 
glucose-6-phosphate raere made by adding 0.1 ml. of 5 W acetic 
acid to the reaction misiture follox'jed by heating for 5 minutes 
at 100° C. 2wischenferment and yellow enzym,e were prepared 
from yeast maceration juice (Lebedeiv, 1911) according to the 
method of Warburg and Christian (1933). Tlie preparation of 
yello?; enzyiae was carried through the first acetone precipi­
tation stage. The j>3^ecipitate was dissolved in water, 
dialyaed and after dilution to a 25 per cent (v/v) solution^ 
used 'without further purification. 
say of radioactivity 
Material to be assayed for radioactivity plated on 
ground-glass planchets of kno\?n area, a  lead-shielded end 
window {Mica) Geiger-IMller tube with a window thickness of 
2 1.9 mg./cm was used for all assays. The saraples \7ere counted 
sufficiently long to insure an error of t 3 per cent. 
In some cases radioautography was used to detect radio­
activity {Fink, Dent and Fink, 1947). Chromatograms prepared 
as will be described in a subsequent section, were placed in 
contact with Kodak No-Screen X-ray safety Film. The duration 
of e:3^osure depended upon the activity of the original sample 
and varied from 5 days to 2 weeks. The e35)Osed film was 
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developed in accordance with the recommendations of the 
manufacturer. 
The isotopic was received in the form of barium 
carbonate and was converted to sodium bicarbonate according 
to the procedure described by Brennan (1953). 
Paper chromatography 
Citrulline was isolated from reaction mixtures by de­
scending chromatography (Consden, Gordon and Martin^ 1944). 
Aliquots of the concentrated protein-free reaction mixture 
were placed along a line 3 inches from the long edge of T?hat-
man No. 1 filter paper (18|- by S2-|- inches). The chromatograms 
were developed in 80 per cent aqueous phenol. After removal 
of phenol bj?" evaporation the citrulline band, located by 
spraying a small portion of the chromatograia with ninhydrin 
solution, xms cut out and the citrulline eluted with v^ater. 
The eluate was concentrated to a convenient volume and used in 
the manner to be described in subsequent sections. 
Tivo-dimensional chromatograms, made on iJhatman No. 1 
filter paper (7-| by 7§ inches), were used to detect radio­
activity by autography. These chromatograms were developed 
according to the ascending method of Home and Pollard (1948) 
and lyilliams and Kirby (1948). An aliquot of citrulline 
eluted from large chromatograms was placed at one corner of 
the paper 1 inch from each edge. The chromatogram r;as 
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developed in 80 per cent aqueous phenol in one dimension 
follOTfed by two passes in 40 per cent butenol-40 per cent 
butyric acid-20 per cent water in the other dimension. 
Hadioautographs were made from these chromatographs as 
described above. 
Degradation of citrulline 
Citrulline eluted from the large chromatograms vm.B 
degraded to obtain the carbamyl carbon. The degradation x"as 
accomplished enzymatically ;?ith dialyzed extracts of strepto­
coccus laotis in the presence of arsenate. It has previously 
been shown that carbon dioxide produced by this system 
originates solely from the carbamyl carbon of citrulline 
(Sorzenovsky and '^rkman, 1953b). The degradation i.?as 
conducted in a'arburg flasks ifhich contained 0.2 M arsenate, 
pH 6.2-6.3, unkno?m solution asid dialyzed cell-free extract; 
gas, nitrogen. Acid w.as tipped in et the end of the incuba­
tion period and the carbon dioxide absorbed by 0.5 N sodi^im 
hydroxide. A portion of the alkali was plated directly, dried 
under an infra-red lamp, and counted immediately. 
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It vi&s found that ^-jashed whole cells of Streptococcus 
lactis release aiomonia and carbon dioxide from L-arginine as 
has been reported by Hills (1940)» The remaining product vras 
identified as ornithine by comparative two-dimensional paper 
chromatography. Tests for citrulline ?;ere negative „ Neither 
urea nor citrulline vms metabolized. A chemical balance of 
products is given in Table 1. 
Table 1 
Degradation of Axginine by Cellular Suspensions of 
Streptococcus lactis 
I  IBIwn i i i i iniMiiniMiiBii i i i iPB 
Arginine Citrulline Ornithine NHs 
m 
Initial 9.9 0.0 0.1 2.7 2.0 
Final 1.9 0.0 8.1 10.6 18.1 
A -8.0 0.0 1-8.0 <•7.9 16.1 
The reaction was conducted in Warburg vessels of 
conventional design. The main compartment of each 
flask contained 250 mg. of r/ashed cells and 0.03 M 
phosphate buffer, pH 6.4. Arginine iias placed in 
one side-arm and 5 per cent trichloroacetic acid in 
the other. Incubated for 10 minutes at 30.4° C. 
From the data presented in Table 1 it is evident that the 
degradation of L-arginine by washed cellular suspensions of 
Streptococcus lactis does not appear to involve citrulline and 
occurs according to the following over-all equation: 
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E-Mi-€WHM2 f SHgO ^ R-I®£ f COg 4- SMg 
(R: -GHg-CHg-CHg-CEMig- COOH) 
Degradation of Arginine by Cell-Free Extracts 
Conversion of arfilnine to citrulline 
Cell-free extracts ^^?ere prepared by sonic disintegration 
of cells suspended in 0.05 M acetate buffer, pH 5.4-5.8, as 
has been described under Methods. The extracts were dialyzed 
against v^ater at 2-3® C. for 18 hours. No activity v7as noted 
on citrulline when tested in acetate, maleate or phthalate 
buffer. 
The reaction was conducted in 10 nil, Srlenmeyer f 3.asks 
at 30® C. in a Dubnoff Shaker. After temperature equilibra­
tion the reaction was started by addition of substrate or 
extract. Tungstic acid or trichloroacetic acid was used to 
stop the reaction and deproteinize the mixture. Precipitated 
protein vjas removed by filtration through retentive paper. 
Test system and unit of activity. The rate of aniraonia 
production from rarginine is proportional to the enzyme concen­
tration within limits (Figure 1). The standard test system 
consisted of 0.12 M acetate buffer, pH 5.4-5,8, 0.025 lyi L-
arglnlne, O.OS M sodium fluoride, enzyme and xgater to a total 
voluiae of g.O ml.; gas, air. Although fluoride was used 
Fig. 1 Hate of Liberation from L-Arginine As a 
Function of Biizyiae Concentration. 
Standard test system with acetate buffer of pK 5.5. 
Tiie concentration of enzyme is expressed as mg. of 
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routinely it is needed only in the presence of phosphate to 
inhibit the slight activity of the extract on citrulline. 
One unit of activity is arbitrarily defined as the amount of 
extract catalyzing the liberation of 1 jag of aiamonie from 
erginine in 5 minutes, calculated for the period between 15 
and 20 minutes after beginning the reaction. The specific 
activity of the enayme system is expressed as units per rag. 
of protein. The activity of the extract is influenced by the 
nature of the buffer (Figure 2), It is evident that maximiim 
rates occur in acetate or phosphate buffers without an appre­
ciable lag, Maleate and phthalate buffers are soiaev;hat 
inhibitory. Maximum rate is not reached in these buffers until 
about 15 minutes after the reaction has been started. 
Formation of citrulline and aiamonia. The chemical bal­
ance of products given in Table 2 indicates that L-arginine 
is metabolized to equimolar ainoxmts of citrulline and ajmonia, 
A similar balance of products has been reported for cell-free 
extracts of Streptococcus faecalls (Oginsky and Gehrig, 1952b; 
Slade, 1953), Clostridium perfringens (BP8K) (Schmidt, Logan 
and Tutell, 1952) and Baker*s yeast (Roche and Lacombe, 1952). 
pH Qptiiaom. The pH optimum for both ammonia and citrul­
line production extends from pH 5.4 to pH 5.8 (Figure S). 
Oginsky and Gehrig (1952b) reported that pE 6.8 is optimum for 
Fig. 2 The Effect of Buffers on the Rate of /isnsonia 
Liberation from L-Arginine. 
Standard test system with acetate, phosphate, 
maleate or phtbalate buffer of pR 5.5. Five 
mg. of protein per flask. 
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Fig. 3 pH Activity Curve. 
Standard test system T^ith 5,0 mg. of protein per 
flask. Acetate buffer was used from pH 4,8 to pH 
5,8; phosphate buffer from pH 5,8 to pH 6,8. The 
variation between initial and final pH was not 
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Table B 





Initial 10.1 0.0 1.1 
Final 0.2 10.1 11.1 
A 9.9 4-10.1 f 10.1 
Standard test system with acetate buffer pH 5.7 
e3f.cept IQ juM L~arginine» Extract of specific 
activity 22. Incubation time 1 hour. 
citrulline production by eell-free extracts of Streptococcus 
faecal is. slade (1953) did not present date showing, the effect 
of pH upon tl-ie degradation of arginine to citrulline by ex­
tracts of Streptocoocus faecalis but made experiments at pH 
5.8. Schmidt, Logaa end Tytell (1952) found more armonia 
liberated from arginine at pH 5.5 than at either pH 6.8 or pH 
7.2 i7ith eirti'acts of Clostridium perfring^ens lB!?6K] <. The 
maximum rate of arginine degx-adation by e^rtrects of Baker*5 
yeast occurs at pH 6.5 (Hochs and Lacoabcj 1952), 
Inhibitors. Oginsky and Gehrig (1952b) reported that 
semicarbazide, hydroxylamine and arsenite inhibit the libera­
tion of citrulline or ammonia from arginine by extracts of 
Streptococcus faecalis. STo inhibition by semicarbazide, 
hydroxylamine, iodoacstats or potassium azide vms noted vjith 
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extracts of streptococous lectls; arsenite was found to be 
inhibitory (Table 3). Boehe and Lacombe (195S) have found, 
that azide is inhibitory to plasmolysis sap but not to alcohol 
fractionated extracts of acetone-dried Baker's yeest. 
Table 3 
Effect of Inhibitors 




1 None 244 0 
0.018 M Semicarbazide 243 <1 
0.018 M Hydroxylamine 244 0 
0.02 M NaH&sOg 42 83 
0.0025 M HaAsOg 80 68 
0.005 M HaAs02 65 74 
0.01 M HaAsOg 44 83 
0.02 M HaAsOg 32 87 
2 None 181 0 
0.02 M lodoacetate 180 <1 
3 None 218 0 
0.03 M Potassium aside 218 0 
Standard test system, pH 5.5, v/ith protein content 
per flask as follows: Hos. 1 and 2: 5.0 mg., 
No. 3: 5,1 lag. Inhibitors were incubated with 
enzyme for 15 minutes prior to addition of sub­
strate. The reaction time ims 20 minutes. 
38 
Bnaymatic degradation of L-arginlne« Specific methods 
for quantitative degradation of the guanido group of L-
arginine to a carhamido group are not available. Compounds 
which have a guanido group interfere with the determination 
of arginine by the procedure of Sakaguchi (1948) (Dubnoff, 
1941). Arginine can be determined ensyicatically yith arginase 
or arginine decarboxylase {Olcott, 1951). The use of the 
former in the presence of urea is precluded. Dialyzed cell-
free extracts of streptococcus lactis have been found to be 
highly specific for arginine and thus are useful for the 
degradation of the guanido group of arginine in the presence 
of guanido, carbamido and other compounds (Table 4). The 
extracts catalyze the almost quantitative conversion of 
arginine to citrulline and arriraonia. Although analysis for 
either product may be made, in those cases where carbamido 
compounds are present the determination of citrulline may not 
be possible, lone of the compounds listed interferes v;ith the 
determination of amaonia by the procedure described under 
Methods, Strong alkali and prolonged heating should be 
avoided. 
The amount of asiraonia foimd, corrected for a sEiall blank, 
is a measure of the arginine present. The blank consisted of 
all components present in the experimental flask except sub­
strate which was added \Then the mixture was deproteinized, 
The extract does not cause significant production of aEjaonia 
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Table 4 
Determination of Guanido Group of L-A,rginiiie with Dialyzed 
Extracts of Streptococcus Lactis 
rr Arginine _ jug; jumaonia"^'^ Per cent joM i^aditions, pii Theoretlcai Found Recovered 
1 1.0 None 17 17 100 
B .0 None 34 35 103 
3.0 None 51 52 102 
4,0 None 68 71 104 
5.0 None 85 87 102 
2 3.0 None 51 50 98 
3.0 Creatine, 25 51 50 98 
3.0 Creatinine, 25 51 49 96 
3.0 Glycoeyamine, 18 51 49 96 
3.0 Semicarbazide, 30 51 53 104 
3 2.1 None 36 35 97 
2.1 Urea, 56 36 35 97 
2.1 Carbamyl-DL-Aspartic 
Acid, 21 36 34 94 
2.1 Garbamyl-L-Glutamic 
Acid, 21 36 32 89 
2.1 L-Citrulline, 25 36 32 89 
2.1 L-Lysine, 44 36 36 100 
4 3.0 None 51 50 98 
3.0 DL-Aspartic Acid, 28 51 49 98 
3.0 L-Histidine, 25 51 52 102 
5 2.5 None 43 42 98 
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Table 4. (Continued) 
"~Arginine iig iunmonla Per Cent 
)M Aaaitiions, iM Theoretical Found' Recovered 
2.5 Glycine, 23 43 40 94 
2.5 DL~Alanine, 21 43 40 94 
2.5 DL~Threonine, 28 43 42 98 
2.5 DL-¥aline, 31 43 40 94 
2.5 L~Leucine, 25 43 42 98 
2.5 L-G-lutamie Acid, 26 43 42 98 
2.5 L-Ornithine, 25 43 42 98 
2.5 L-Tryptophan, 24 43 40 94 
2.5 L-Gysteine, 25 43 42 98 
6 12.8 None 218 218 100 
12.8 L-Methionine, 26 218 200 91 
12.8 L-Phenylalanine, 25 218 217 99 
12.8 L-Proline, 28 218 209 96 
12.8 L-Hydroxyproline , 27 218 209 96 
a 
80 12.8 DL-Serine, 25 218 174 
Average 97.4 
Standard test systeia, pH 5.8, with protein content 
flask as follovsrs: Mo. 1; 2.5 mg., Ko. 2, 4 and 5; 
1.4 mg., No. 3: 1,3 mg., No. 6: 5.0 mg. Time of 
incubation was 30 minutes. Values given have been 
corrected for a blank. 
B. Mot included in average. 
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from any of the compounds listed. 
Conversion of citrulline to ornithine 
Cell-free extracts were prepared in 0.05 phosphate 
buffers, pH 6.2-6.3, as described under Jlethods. 
The reaction, which is most conveniently follov^ed mano-
metrically, vms conducted in double side-arm uarburg flasks 
of approximately 6 ml. capacity. After temperature equilibra­
tion, extract or substrate was tipped from one side-arm into 
the main compartment. Following a suitable period of activity, 
usually 5 minutes, acid was tipped from a second side-arm to 
release bound carbon dioxide and to stop the reaction. The 
amount of carbon dioxide present initially together x^ith the 
volume of carbon dioxide produced in the absence of substrate 
was subtracted from the total volume of gas released. All 
manometric experiments were conducted in an atmosphere of 
nitrogen and at 20.4° C. 
The esterification experiments were conducted in 10 ml. 
Srlenmeyer flasks at 30® C. in a Dubnoff shaker. AEmonium 
sulfate saturated in 0.1 K acetate buffer of pH 4.0 was added 
at the end of the incubation period to stop the reaction and 
deproteinize the mixture. 
Test systems and unit of activity. The rate of carbon 
dioxide and aromonia liberation from L-citrulline is propor­
tional to tne enzyme ooncentration within limits (Figure 4). 
The standard phosphate test system consisted of 0.2 M phos­
phate buffer, pH 6.2-6.3, 0.05 M L-citrulline, 0.005 M 
adenosine phosphate, 0.005 M Mg*"*", enzyme ejid vaater to a final 
volume of 1.0 ml. Although undialj,'zed enzyme preparations 
were used in the phosphate system they have nevertheless been 
4-f found deficient in adenosine phosphate and Mg (Table 6), 
hence these t^so components have been routinely added in order 
to obtain Eaximum activity. One unit of activity is arbitra­
rily defined as the amount of extract catalyzing the liberaticai 
of 1.0 cmm. of carbon dioxide and ammonia in 5 minutes, calcu­
lated from the first 5 minutes of the reaction. 2he specific 
activity of the enzyioB system is expressed as units per mg. of 
protein. The standard arsenate test system consisted of 0,2 M 
arsenate buffer, pH 6.2-6.3, 0.1 M L-citrulline, dialyzed 
extract and water to a final volume of 1.0 ml. T5xtracts used 
in the arsenate system must be essentially free of phosphate 
because this anion is inhibitory to the reaction in the pres­
ence of arsenate. The same unit of activity has been applied 
to both the phosphate and arsenate systems. Its significance 
in the two cases ho?;ever is not identical because the degrada­
tion of the carbamido group of Gitrulline appears to be a more 
complex reaction in phosphate than in arsenate. It is appar­
ent from an examination of Figure 4 that the specific activity 
of the preparation when tested in the arsenate system is about 
ii'ig. 4 Rate of Carbon Dioxide Evolution from L-Citrulllne 
As a Function of Enzyme Concentration. 
The concentration of ensyca© is expreesed es Big, of 
protein. Lower abscissa refers to reaction con­
ducted in c-Tsenate; upper abscissa to tiie reaction 
in phosphate, standard test systems. 
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seven times greater than in the phosphate system. Slade 
(1953) reported the rate in arsenate to be 75 per cent of the 
rate in phosphate for cell-free extracts of Streptococcus 
faccalis. 
Formation of ornithine, aiamonia and carbon diozide. The 
chemical balance of products illustrated in Table 5 shows that 
for each mole of citrulline disappearing one mole each of 
ornithine, annaonia and carbon dioxide is forraed in accordance 
viith the following 0¥er-all equation: 
HOB 
E-KH-COEEg B-MEs f KHg f OOq 
(R: -CHg-CHg-CHg-GHimg'COOH) 
The enzyme system is specific for L~citrulline; D-citrulline 
is not metabolized and is inhibitory. The same balance of 
products is found in the presence of phosphate or arsenate. 
Table 5 







Initial 4.9 0.0 0«5 0.3 
Final 0.1 4.8 5.4 5.1 
A -4.8 f4.8 f4.9 f4.8 
Standard phosphate test system except 5 of L-eitrul-
liae were used. Enzyme of specific activity 15. Incu­
bation time 1 hour. 
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pH Optimum* The pH optimum for both carbon dioxide and 
ammonia production from citrulline, either in phosphate or 
arsenate, falls between pH 6.S~6.3 (Figure 5). 
Components of enzyme system. Dialysis of cell-free ex­
tracts for 9 hours against 0.05 M. phosphate buffer, pH 6,2-
6.3, followed by 12 hours against distilled xvater results in 
almost complete loss of activity on citrulline. By use of 
dialyzed extracts it is evident that adenosine diphosphate 
ff (ADP) and Mg are necessary v«hen the reaction is conducted 
in phosphate. Carbon dioxide and aiamonia are not produced in 
the absence of phosphate. Arsenate substitutes readily for 
phosphate; neither adenosine diphosphate nor Mg is then 
required {Table 6). 
The requirement for adenosine diphosphate in the phosphate 
system may be replaced by adenosine triphosphate (ATP) or 
adenosine-5-phosphate {AMP). Most preparations are stimulated 
by adenosine-S-phosphate and adenosine diphosphate to approxi­
mately an equal extent; occasionally a preparation is encoun­
tered in xvhich adenosine-5-phosphate is markedly less effective. 
Adenosine triphosphate is always less stimulatory than adeno­
sine diphosphate. However vihen adenosine triphosphate is pre-
incubated "sith the extract for short periods of time, it be­
comes as effective as adenosine diphosphate (Figure 6). All 
preparations so far encountered contain enzymes which destroy 
•Fig. 5 pH Activity Curve. 
Standard test systems. The variation between initial 
and final pE was not more than 0,1 pH unit in any 
experiment. 
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Table 6 
Components of Enzya© System 
Components Specific Activity Undialyzed Dialyzed 
4" 4* Phosphate, ADP^ Mg 16.8 8.1 
Phosphate, ADP 7.3 1.4 
Phosphate, B,lg 3.3 1.0 
Phosphate 1.8 0.4 
^ f f 
AjJp, Mg — 1.4 
Arsenate - 125.5 
ff 
Arsenate, iiDP, Mg - 122.1 
The extracts were dialyzed at 2-3° C. as described 
in text, uStandard phosphate test system with 
omission as noted; 4.2 mg. of protein in dialyzed 
preparation per cut and 5.2 mg. of protein in un-
dialyzed preparation per cup. Standard arsenate 
test system with additions as noted; 1.52 mg. of 
protein per cup. 
^Buffered with maleate or phthalate. 
adenosine triphosphate. It is thus likely that adenosine di­
phosphate or adenosine-5-phosphate or both are formed during 
the preincubation period. 
Kinetics. The dependence of the rete of reaction upon 
the concentration of L-citrulline is illustrated in Figures 7 
and 8. Half maximum rates are reached in the phosphate sys­
tem vjhen the concentration of citrulline is about OoOll M and 
Fig. 6 Effect of Preincubation of Adenosine-5-?hosphate 
(iiaP), Adenosine Diphosphate (ADP) and Adenosine 
Triphosphate (ATP) upon the Rate of Carbon Bioxide 
Evolution from L-Citrulline. 
Standard phosphate test system. 
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Fig. 8 Activity in ilrsenate as a Function of Concentration 
of L-Citrulline. 
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for the arsenate system when it is about 0.034 M. ihe concen­
tration of phosphate and arsenate required for half saturation 
is about 0.047 M for the forraer and 0.016 for the latter. 
Fiigures 9 and 10 illustrate the relationship betireen rate and 
concentration of these anions. The constants were calculated 
by the method of Lineweaver and Burke (1924). It has not been 
possible to render a preparation completely inactive by dialy­
sis; there is always some activity upon the addition of phos­
phate alone vTithout the addition of adenosine diphosphate and 
Mg . Figures 11 and 12, ¥/hich illustrate the dependence of 
the enzymatic activity in phosphate upon the concentration of 
ff 
adenosine diphosphate and Mg , are thus useful only to define 
the concentration of these components ?;hich must be added for 
maxiMum activity; no constants have calculated from these data. 
Inhibitors. The degrcKlation of L-citrulline is strongly 
inhibited by I)-citrulline, L-ornithine and fluoride in the 
presence of phosphate or arsenate. Air is not inhibitory nor 
does g,4-dinitrophenol have any pronounced effect (Table 7). 
Slade (1953) has reported similar observations on the effects 
of fluoride and 2p4-dinitrophenol with extracts of P.treptococ-
cus faecalis. 
The role of adenosine phosphate. T/hen the cell-free 
extract is supplemented vjith glucose and iodoacetate a decrease 
Fig. 9 Effect of Concentration of Phosphate upon the Hate 
of Carbon Dioxide Involution from L-Cltrulline. 
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Fig. 10 affect of Concentration of Arsenate upon the Rate 
of Carboii Dioxide Evolution from L-Citruliiiie. 
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Fig. 11 Influence of Adenosine Diphosphate (ADP) Concentra­
tion upon the Rate of Carbon Dioxide Evolution from 
L-Citrullins. 















Fig. 12 Influence of Mg Concentration upon the Rate of 
Csrbon Dioxide Evolution from L-Citrulline. 
Standard phosphate test system. 













D-Citrulline, 53.4 60 35 
L-Ornithine, 27.9 77 62 
L-Ornithine, 13.9 66 18 
Sodium Pluoride, 40.0 80 86 
Sodium fluoride, 4.0 72 71 
Orthophosphate, 100.0 
- 76 
Orthophosphate, 200.0 - 80 
2,4-Dinitrophenol, 2.0 2 8 
2,4-Dinitrophenol, 5.9 10 13 
lodoacetate, 10.0 0 0 
None; in nitrogen or air 0 0 
Standard test systems. All aflditions ¥;ere made to a 
reaction mixture containing 56.1 iM of L-citrullin© 
except in the case of B-citrulline i^hicii rjas added as 
106.8 ;iM of DL-citrulline. All inhibitors except D-
citrulline were incubated v/ith extract for 10 minutes 
prior to addition of substrate. Per cent inhibition 
was calculated on the basis that the activity equals 
100 per cent in the absence of any additions. 
in the concentration of phosphate can be demonstrated during 
the conversion of citrulline to ornithine (Table 8). Initial 
attempts to show an uptake of phosphate in the absence of 
glucose were unsuccessful. This was attributed to the 
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Table 8 
Esterification of Orthophosphate during Conversion of 
Gitrulline to Ornithine 
- A Or thophospha te 
Additions iiiinutes of Incubation 
5 10 10 
ADPj 2.20 4.46 4.18 
ADP - - 2.79 
1.01 
Hone - - 0.30 
A-DP, Mg , 2,4~Binitrophenol - 4.16 
4" I" 
ADP, Mg , lodoacetets, O-lucose - 6.90 
H AMP, Mg - 5.45 -
4-I- 1.40 
None - 1.12 
ff iiMPs Mg , 2,4-Dinitrophenol - 4.48 
Indicated additions \^ere made to a reaction miirture 
composed of 0.015 M phosphate buffer, pH 6.2, 0.05 
M L-citrulline, water and cell-free extract contain­
ing 4.8 mg, of protein per flask. The concentrations 
of compounds added were as follows: 0.002 M 2.4^-
dinitrophenol, 0.01 M , 0.005 M adenosine-5-
phosphate or adenosine diphosphate, 0.04 M glucose 
and 0.01 M iodoacetate. Inhibitors were incubated 
with enzyme for 10 minutes prior to addition of sub­
strate, The reaction was started by addition of sub­
strate to enzyme mixture. Total volume 1.0 ml., 
temperature 30° C., gas, air. The decrease in ortho-
phosphate represents the difference between the experi­
mental flask and control flask of identical composition 
but without Gitrulline. The data are the results of 
three experiments done at different times. Amounts 
are in micromolss. 
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presence of enzjrmes capable of destroying adenosine triphos­
phate. The extracts also had a relatively low activity on 
citrulline. Fluoride cannot be used to inhibit the destruc­
tion of adenosine triphosphate because it is a potent inhib-
tor of the reaction under study. The preparation of extracts 
of high activity has mde it possible to demonstrate the 
esterification of inorganic phosphate in the absence of a 
trapping agent (Table 8). It should be noted that Hg is 
required for maximum phosphorylation. Adenosine-5-phosphate, 
or adenosine triphosphate with a preincubation period, may be 
substituted for adenosine diphosphate, The presence of 
adenylate kinase in the extract has not been excluded, hence 
the role of adenosine-5-phosphate is not clear. In all cases 
the ester formed is hydrolyzed in 1 H HCl at 100° Co in 10 
minutes. The phosphorylation appears to be insensitive to 
dinitrophenol. These observations indicate that adenosine di­
phosphate, and possible adenosine-5-phosphate, function as 
phosphate acceptors during the conversion of citrulline to 
ornithine resulting in the synthesis of labile phosphate bonds. 
For reasons which iidll be discussed later, the conversion 
of citrulline to ornithine will be henceforth designated as 
the citrulline phosphorylase reaction. 
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Stoichiometry of tlie Citrulline Phosphorylase Reaction 
Esperiiaents to be described in this section x'lere made for 
the purpose of establishing the stoichiometry of the citrulline 
phosphorylase reaction accordin to the folloviing equation; 
B-m-COl®g f H3PO4 f ADP R-Mg f COg f f ATP 
(R: -CHg-CHg-CHg-GHKHg-COOH) 
Extracts, prepared as described under Methods, were 
dialyzed against distilled water at 2-3° C. for 8 hours. 
The reaction vms conducted in S5 ml, Srleniaeyer flasks. 
Inssnae, orthophosphate, laaleate buffer, MgClg and iodoacetate 
were incubated for 10 minutes. Purified hexokinase and glu­
cose, when used, were then added and the mixture incubated 
for another 10 minutes. The reaction \?as started by addition 
of adenosine diphosphate and citrulline or other substrate. 
Several methods Yjere used to stop the reaction and deprotein-
ize the mixture depending upon the product to be determined. 
Reference to the method used will be made in connection with 
the experiment concerned. 
Carbon dioxide was measured manometrically. For this 
purpose the reaction was carred out in Warburg flasks virith 
three side-arms permitting the addition of the above compo­
nents in the same order. Acid was used to stop the reaction 
and release bound carbon dioxide. 
Talues of all products given represent the difference 
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•bet^i?een an experimental and control flask of identical compo­
sition but without substrate. Initial concentration of sub­
strate was determined on a mixture deproteinized at zero time, 
iill experiments were made at SO® C.; gas, air. 
Belationship between COg and orthophosphete 
It is apparent from Figure 13 that under the experimental 
conditions specified approximately one mole each of caijbon 
dioxide and ammonia is produced for each mole of orthophos-
phate utilized. The ratio is maintained for the entire time 
measurements were made althoui^ the rate of reaction decreases. 
The decrease in reaction rate is caused by this inhibitory 
effect of ornithine. 
Complete chemical balance 
The amount of adenosine triphosphate formed in the 
citrulline phosphorylase reaction may be determined by addi­
tion of purified yeast hexokinase and glucose to the reaction 
mixture. Either decrease in concentration of glucose or mano-
metric determination of glucose-6-phosphate is used as a 
measure of the adenosine triphosphate synthesized. The reli­
ability of either procedure depends upon the absence of 
competing enzymes 'Ahich may be present in crude preparations. 
Extracts of Streptococcus lactis catalyze the release of 
Fig, 13 Tiie Effect of Tiioe of Incubation upon the Relation­
ship bstv^een Carbon Dioxide, Amonia and Ortho-
phospxiate ia tlie Citrulline Phosphorylaee Reaction. 
The test system contained 0.1 inl, extract (4.3 lag. 
protein), 15 pIE orthophosphate, 0.04 M maleete 
buffers pH 6.S, 20 jtEa Mg0l2* 10 ;iiM iodoacetjite, 0.5 
MM adenosine diphosphate, 25 ;iM L-citrulline, 50 
juli glucose and 56 K.M. units hezokinase. Total 
volume, 1 ml. The reaction mixture \ms deprotein-
ized with 5 per cent (w/v) trichloroacetic acid and 
brought to pH 4.0 with 0.1 I-T sodium acetate for 
analysis of orthophosphate and ammonia. 
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orthophosphate from adenosine triphosphate (Table 9, No. 1}. 
Hovvever, under the experimental conditions chosen for the 
study of the citrulline phosphorylase reaction, i.e., excess 
hexokinase and glucose, the hydrolytic destruction of adeno­
sine triphosphate is markedly inhibited (Table 9, llo. S). 
Iven greater inhibition is achieved by addition of 5 ulvl of 
adenosine triphosphate in 0.1 ula aliquots over a 30-ninute 
period (Table 9, Mo. 5). Extracts of Streptococcus lactis 
also catalyze the release of orthophosphate from adenosine 
diphosphate (Table 9, No. 4). In the presence of hexokinase 
Table 9 
Release of Orthophosphate from Adenosine Diphospliate 
and Adenosine Triphosphate 
number Additions " Ci ;liI^ P 
1 ATP, 5 4 .97 
2 ATP, 5 ;iM, 56 IC. f 
50 Glucose 
Ji, units Hexokinase, 
0 .75 
3 same as Ho. 2 but 
0.1 pM aliquots 
5 iuBI ATP added in 
0 .21 
4 ADP, 5 pS& 0 .89 
5 .feDP, 5 JUM, 56 K. 1 
50 Glucose 






Indicated additions ivere made to a test system which 
contained 0.1 ml, extract (4.5 mg. protein), 15 jiM 
orthophosphate, 0.04 M maleate buffer, pH 6.2, 20 
I€gClo, and 10 fxll iodoacetate. Total volume 1.1 ml.; 
incubated 30 minutes. Protein vias precipitated with 
ammonium sulfate saturated in 0.1 N acetate buffer, 
pH 4.0. 
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and gluoose this does not occur (Table 9, No. 5) but the 
concentration of glucose decreases (Table 10, No. 2). It is 
thus likely that adenosine diphosphate is not destroyed by 
hydrolysis but converted according to the reaction 2ADF'^ 
AMP f ATP. Table 10, No. 1 indicates that the sample of 
adenosine diphosphate is sufficiently free of adenosine tri­
phosphate for the purposes of this test and the hexoltinase is 
not contaminated ^sith a adenylate kinase. 
Table 10 
Conversion of Adenosine Diphosphate to Adenosine 
Triphosphate 
Mumber Description - A uM Glucose 
1 Test system without extract, 5 mM 
A.DP, 56 K. M. units Hexokinase, 
10 Glucose 0,00 
2 Test system complete, 5 ADP, 56 
IC. M. units Hexokinase, 10 ;[iM 
Glucose 2,52 
The complete test system conteined 0,1 ml, extract 
(4.5 ffig, protein), 15 ;iM orthophosphate, 0,04 H 
maleate buffer, pE 6.2, BO ;uM MgClg, and 10 JILIL 
iodoaeetate. Total voluiae 1,1 lal,; incubated 30 
minutes. Protein precipitated with Ba(0H)g-ZnS04. 
The small increase in orthophosphate which occurs in the 
absence of the hexokinase system (Table 9, No. 4) can be ac­
counted for by the hydrolysis of the adenosine triphosphate 
formed by adenylate kinase present in the extract. It should 
be emphasised that the initial concentration of adenosine 
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dipiiospliete and adsnosine triphosphate used to detect these 
activities greatly exceeds the concentration present at any 
moment dxiring the eitrulline phosphorylase reactiono 
When glucose-6-phosphate is incubated in a test system 
either in the presence or absence of adenosine triphosphate, 
neither glucose, fructose nor phosphate can be detected and 
recovery of glucose-6-phosphate is within experimental error 
{Table 11). 
Table 11 
Recovery of Glucose-6-Phosphate 
A Micromoles Found jumber Additions Glucose Fructose 
G-6-P, 6.5 m 0.1 - S.5 0,0 
a-6-?, 6.5 MM - 0.0 
G-6-P, 6.5 MM, 7.5 ;aM 
AfP - 0.0 8.6 
Indicated additions were made to a test system as 
described in Table 9. 
The data presented in Table 12, Ko. S shovi that adenosine 
triphosphate is satisfactorily determined in terms of either 
glucose or glucose-6-phosphate, Some formation of glucose-6-
phosphate occurs in the absence of added hexokinase indicating 
that extracts of Streptococcus lactis contain a hexokinase 
system (Table IS, No. 2). The enzymatic determination of 
glucose-6-phosphate is specific; no compound present in the 
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Table 12 
Determination of Adenosine Triphosphate 
Humber Additions m Glucose 
m 
G-6-P 
1 Glucose, 20 mM 0.0 0.0 
2 Glucose, 20 jalif 4.5 ;iiM ATP 0.4 0.5 
S Glucose, SO plfif 4.5 JU21 ATP, 56 
K. M. units Hexokinase A ^4: 4.2 
Indicated additions i-ere made to a test system 
described in Table 9. Adenosine triphosphate XTas 
added in approximately 0.25 jaM aliquots. The 
raixture was incubated for 30 minutes. 
reaction mixture other than glucose-6-phosphate gives s. 
measurable oxygen uptake, 
A complete chemical balance of all reactants and products 
of the citrulline phosphorylase reaction appears in Table 13. 
The data show that for eech mole of citrulline degraded one 
mole of adenosine triphosphate is formed, The analyses given 
represent the sum of the follosiing aquations: 
1. R-Mi-OOlHs f %P04 f ADP >- R-Mgf f COg f AT? 
(Citrulline Phosphorylase Knsyme) 
2. ATP 4- Glucose ^ ADP »• G-6-P 
(Hexokinase) 
Sum: H-m-GOHHg f H2PO4 f GlucoseOOg f ^ 3  f G -6- P  
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Table 13 
Stoichiometry of the Citrulline Phosphorylase Reaction 





Carbon dioxide f3.6 
ioBmonia fs.e 
Glucose-6-phosphate f3.6 
The test system contained 0.1 ml. extract (4,3 mg, 
protein), 15 juM orthophosphate, 0.04 M maleate 
buffer, pH 6.2, 20 juM MgGlg, 10 juM iodoacetate^ 
0.2 pM adenosine diphosphate, S5 MM L-citrulline, 
50 mm glucose and 56 K. M. units hexokinase. Total 
volume 1.2 ml.; incubated 30 minutes. 
Reversibility of the Citrulline Phosphorylase Reaction 
Cell-free extracts were prepared as described and dialyz-
ed against 0.05 1£ phosphate buffer, pH 6,2-6.3, at 2-3° C. for 
6 hours. 
The reaction was conducted in a closed system at 30.4° C.; 
gas, air. The reaction mixture consisted of 0.02 M phosphate 
buffer, pH 6.8-6.9, 50 jull M^Cl, 50 ;aM ligSO^., 50 adenosine 
14 triphosphate, HaHO Og, extract and substrate in a total volume 
of 5.5 ml. At the end of the incubation period 3 H hydro-
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cliloric acid was added to give approximately 0.3 H final 
concentration and residual cerbon dioxide was oollected in a 
solution of sodixm hydroxide. The reaction miDCture iwb trans­
ferred quantitatively to test tubes and heated in & boiling 
water bath for 5 r/iinutes. The precipitated protein was re­
moved by centrifugationj fjashed several times vsith acid and 
the combined supernatant fluid filtered through retentive 
paper^ The supernatant fluid v/an then eiraporated to dryness 
and nmde to a definite volume rdth iseter. Frequent control 
14 
runs have shown that no appreciable C Og reraains after these 
manipulations. 
Aliquots of the supernatant fluid ivere dried on ground-
glass planchets of lcno\m ares for determination of radio­
activity. The results of such experiments are reported as 
total fitted in counts per minute. The precision of this 
procedure was found to be about 10 per cent. 
In some experiments citrulline i^as isolated from the 
supernatant fluid by chromatography on large sheets of I'/hat-
Bian Fo. 1 filter paper as described under Methodso The oitriiL-
line was eluted, concentrated and made to a definite volume 
with n'ater. An aliquot of this was plated and its radio­
activity determined. Another aliquot \?as used for the deter­
mination of citrulline by the procedure of irehibald (1944). 
Results of these experiments are expressed as counts per 
.minute per of citrulline. 
Citrulline eluted from the large chroEiatographs was cle-
greded ensymatiealljr as described under Methods, The results 
are eiipressed as ccants per rainute per /iM of carbon dioxide« 
An aiTiOunt of sliiatsj idsjitieal to that degraded, v;as used in 
the arsenate system but without HaOH to determine the quantity 
of citrulline degraded. The carbon dioxide produced by this 
s-/st©iD comes only from the carbamyl carbon of citrulline. 
Fixation of G^" into citrulline 
It can be seen from the data presented in Table 14 that 
the citrullixie phosphorylase reaction is reversible. The ex­
tent of fixation is greater in exchange type of experiments 
than it is in those showing a net synthesis of citrulline. 
The method of radioautography was used to detect the small 
amount of citrulline synthesized. The indispensability of 
adenosine triphosphate for fixation of C^^Og into citrulline 
by exchange has been shorm by addition of hexokinase and 
glucose to the test system. As would be expected adenosine 
triphosphate is also necessary for synthesis of citrulline. 
It has been shown that fluoride is a potent inhibitor of 
citrulline degradation. The present data indicate that this 
anion is also inhibitory to citrulline sjmthesis. No involve­
ment of carbamyl-L-glutamic acid {CLG} could be shorn with 
either dialyzed or undialyzed extracts. It should be noted 
that fixation of C^^Og into unknovm compounds is stimulated by 
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Table 14 
Beversibility of Citrulline Phosphorylase Reaction 


























CLG, 50 ;uM 
None^ 
ATP replaced by 
ADI^ 
ATP replaced by 
ADP, 112 K. M. 
units hexokinase, 
50 }xM. glucose 
Hone^ 
Hone 
Ma]?, 50 }m 
None 
Mone 





CLG, 50 juiM 
None 





































Rith 50 iodoacetate. 
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Table 14. {Cont inued) 




Ornithine ithout ATP 1.000,200 116 
None Hone 1,000,200 208 
Experimental conditions as described in text. Twenty-
five >iM of substrate were present in ITos. 1 and 2; 100 
>iM in Hos. 3 and 4. Undialyzed extract containing 9.9 
mg, of protein was used in Wos. 1 and 2, Ho. S con­
tained another sample of undialyzed extract V7ith 9.1 
mg. of protein. Ho. 4 contained the same sample of 
extract used in Ho, 3 but t^as dialyzed against 0.05 M 
phosphate buffer, pH 6.2-6.3, for 5 hours. Counts 
were made on aliquots of protein-free filtrate» 
adenosine triphosphate and considerably decreased by dialysis 
or by the presence of sodium fluoride. 
Position of C^- in citrulline 
It is evident from the data of Table 15 that the radio­








COg originating from 
carbaiayl group 442 
Experimental conditions as de­
scribed in Table 14. Citrulline 
was isolated and degraded as 
described under Methods. 
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Discussion 
Althougli Hills (1940) showed that members of the genus 
Streptococcus degrade arginine to ornithine, carbon dioxide 
and asimonia in the absence of tirease, he rejected citrulline 
as a possible intermediate because xvhole cells failed to 
metabolize this compound. The inability of whole cells of 
streptococcus to attack citrulline has been confirraed by 
others (Knivett^ 1952; Oginsky and Gehrig, 1952a; Slade, 
1952). On the other hand, Sekine (1947) and Akamatsu and 
Sekine (1951) reported that cellular suspensions of Strepto­
coccus faecal Is are active on citrulline. I^oods and Trim 
(1942) found that whole cells of Clostridium ^ ?elchli {SR-9) 
are inactive on citrulline whereas Sehmidtj Logan and Tytell 
(1952) reported that whole cells of Clostridium perfringens 
i'BPQli) readily attack this compound. Cells treated with ace­
tone or cetyltrimethyl-aiLfflionium bromide acquire the ability 
to metabolize citrulline (ICiiivett, 1952; Oginsky and Gehrig, 
1952a). Ho satisfactory explanation of these obsei''vations 
can be offered although the phenomenon of permeability hos 
been invoked by some authora. 
The formation of citrulline as the first step In the 
degradation of arginine has been shoi'in with extracts of 
Streptococcus faecalis (Knivett, 1952; Oginsky and Gehrig, 
195Sb; Slade J 1S53), Streptococcus lactis (KorEenovskj/ and 
Werkraan, 1952e), Clostridium perfrlngens (BPSIC) (Schmidt, 
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Logan and Tytell, 1952) and Baker's yeast (Roche and Laconbe, 
1952), 
Ho coenzyme or cofactor requirements by the bacterial 
system have been reported. Hoivever, Roche and Lacombe (1952) 
found that extracts of Baker's yeast are stimulated by Co 
or Mi^^. Several minor differences in the properties of the 
enzjmB from Btreptococcus lactis and Streptococcus faecalis 
have been noted (icorzenovsky and Workman, 1953c). 
The mechanism ivhereby arginine is degraded to citrulline 
is unknoim. Inasmuch as cell-free extracts are not rendered 
inactive by prolonged dialysis, it does not appear likely 
that the bacterial decomposition of arginine is the reverse 
of the arginine synthesizing reaction found in mammalian 
liver (Ratner, 1947; Ratner and I^appas, 1949a,b; Retner and 
Petraek, 1951). 
Considerable experimental advantage vi&s gained in the 
study of citrulline metabolisra by the preparation of cell-
free extracts (Korzenovsky and v/erkman, 1952). Tith dialyzed 
extracts it was shown that the conversion of citrulline to 
ornithine requires orthophosphate, Ivlg** and adenosine diphos­
phate (Korzenovsky and Workman, 1953a). In the presence of 
1.1, 
arsenate neither Mg nor adenosine diphosphate is necessary. 
The tvj^o components are thus linked to the function of ortho-
phosphate in the degradation of citrulline. Kinetic studies 
indicate that orthophosphate is required in substrate 
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concentrations for laaximm activity, suggesting that inorganic 
phosphate enters the reaction stoichiometrically. This idea 
was strengthened "by the finding that the concentration of 
orthophosphate decreases during the conversion of citrlilline 
to ornithine. Although a decrease in orthophosphate is 
readily shoirn in the absence of hexokinase, glucose and ido-
acetate, the addition of these components greatly enhances 
this effect. These experiments indicate that the degre^dation 
of citrulline is phosphorolytic or arsenolytic in nature. In 
the presence of orthophosphate, adenosine diphosphate functicos 
as a phosphate acceptor resulting in the synthesis of adenosine 
triphosphate. Inasmuch as extracts of Streptococcus lactis 
contain ensymes which destroy adenosine triphosphate, it is to 
be expected that the extent of esterification, measured as a 
decrease in concentration of orthophosphate, i^ill a3-)pear 
greater in the presence of the hexokinase system. This obser­
vation also indicates that adenosine triphosphate is in fact 
the acid-labile phosphate compound which is formed as a 
result of citrulline degradation. 
By analogy with other systems wherein aresenate replaces 
phosphate to form an unstable compound, any combination in­
volving arsenate in the present system vuould probably also be 
unstable and decompose spontaneously. It should be recalled 
that adenosine diphosphate end are required only in the 
phosphate system and that the rate of reaction is much greater 
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in the arsenate system. On the assumption that an £\rsenate 
compound decomposes non-enzymstically, it would appear that 
adenosine diphosphate and are involved in the decomposi­
tion of the phosphate compound releasing the products of the 
reaction. The nature of the phosphorylated intermediate is 
unknom. 
rCorzenovsky and Werkman (1953b) have suggested that at 
least t?/o enzymes are involved in the bacterial conversion of 
citrulline to ornithine: a phosphorylase end a phosphokinase, 
Until such time as the enzymes can be identified and correctly 
named, these authors have proposed that the conversion be 
designated as the citrulline phosphorylase reaction« 
The stoichiometry of the citrulline phosphorylase reac­
tion has been established making it possible to write a 
balanced equation of the degradation of citrulline {Korzenov-
sky and Werkman, 1953d) . T*he data show that for each mole of 
citrulline degraded one mole of phosphate is esterified form­
ing one mole of adenosine triphosphate. Adenosine triphos­
phate itas determined as glucose-6-phosphate. The identity of 
the acid-labile phosphate ester is thus establishedo 
In a time-course study of citrulline phosphorylase reac­
tion it v;as fovind that the ratio KHg (or COg) : P is nearly 
one and remains essentially constant with time. This is 
interpreted to indicate that the carbamyl group (KHg-CO-) 
of citrulline is split-off by a phosphoclastic type of reactica 
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The products of the phosphoclastie reaction are released from 
the enzyme surface simultaneously with the transfer of high-
energy phosphate to a suitable acceptor. 
In the light of information available the mechanism of 




1, ri-iCH-OOI®g f HgPO^ *• + Sz-C-0-P-(0n)2 
(Phosphorylase) 
11 Ms^** 
2. Ez-u-0-P-(0H)p f liUP Ez f COo f 4- ATP 
l{ HOH ^ 
ird 
(Phosphokinase) 
Reaction 1 represents the phosphoclastic split of citrul-
line giving ornithine and a phosphorylated e&rbamie acid which 
remains attached to the enzyme surface. The phosphorylated 
carbaiflic acid contains phosphate at the high energy level. 
Reaction 2 represents the transfer of high energy phosphate to 
adenosine diphosphate and the hydrolytic decoiaposition of 
cerbsmic acid. It may be that Reaction 2 is catalysed by two 
enzymes: a phospholcinase and an enayiae xvhich hydroiyzes the 
dephosphorylated carbamic acid. No evidence can be offered 
in support of this latter hypothesis. Only Reaction 1 is 
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operative in the presence of arsenate because of the supposed 
instability of arsenyl carbamic acid. Ornithine and fluoride 
are inhibitory in the presence of phosphate or arsenate. The 
site of the inhibition is Reaction 1 according to the proposed 
mechanism. 
It has been sho?m that the fixation of carbon dioxide and 
aiamonia into citrulline requires high-energy phosphate v;hich 
is supplied by adenosine triphosphate (Korzenovsky and V/erlonsn, 
lS53e). The first step in the fixation may be Reaction 2. On 
the basis of the proposed mechanism, citrulline ssmthesis is 
favored by the removal of adenosine diphosphate formed in 
Reaction 2. This could be accomplished enzymatically v;ith 
adenylate kinase or adenosine diphosphatase. Inasmuch as the 
synthesis is also favored by the absence of orthophosphate 
(Reaction 1) the choice of adenosine diphosphatase is not 
without objection, from this standpoint considerable advan­
tage would be gained by use of Schmidt's deaminase (adenylic 
acid deaminase) and adenylate kinase (rcalckar, 1947; Colonick 
and ICalcker, 1943), Furthermore it can be seen from Reaction 
g that adenosine triphosphate is required in stoichiometric 
amounts for the synthesis of citrulline. Because high concen­
trations of this compound are often inhibitory the use of an 
adenosine triphosphate generating system is indicated. This 
might be accomplished rdth phosphoglyceric acid and the proper 
glycolytic enzymes. Eicperiments incorporating these ideas 
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baire not been made. 
It is of interest to coiapare the proposed raech-nism for 
the bacterial degradation and synthesis of oitrulliiie with 
the better established mechanism for citrulline nynthesis by 
mamalian liver. This has been done in Figure 14, Inasmuch 
as the nature of the phosphorylated intermediate is unknown, 
Reaction 1, postulated for the bacterial system is assumed to 
occur also in the liver enzymes. After tlis formtion of the 
phosphorylated earbamic acid by Reaction 1 the pathrmys 
diverge in the ti^fo systems. In bacteria the phosphorylated 
carbamic acid is decomposed as previously described yielding 
the products given in Reaction 2a. In liver the phosphory­
lated carbamic acid reacts with caxbamyl.-L--glutamie acid to 
form the Compound X of Grisolia and Cohen (Reaction gb). 
Compouad X is further raetab.olisQd as indicated in Heaction 3. 
It may be soen that the principal difference beti^een the 
bacterial and liver system is the involvement of carbemyl-L-
glutamic acid in the latter. The funetion of carbanyl-L-
glutamic acid appears to be that of a carrier of carbon di­
oxide and arnmonia. It .has already been mentioned that the 
citrulline synthesizing the activity of the bacterial system 
is slight. On the other hand, the liver enzynaes synthesize 
citrulline rapidly. This difference may be caused by the 
absence of an efficient carbon dioxide and ammonia carrier 
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Ketabollsisi of Citrulline 'by Bacterial snd Liver "Rrxaymes 
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smM&RY AM) COHCLUSIOKB 
1. Cellular suspensions of Streptococcus lactis metabo­
lize arginine to ornithine, carbon dioxide and anmonia. 
neither uree nor citrulline is attacked. 
S. Dialyaed cell-free extracts degrade arginine to 
equimolar quantities of citrulline and aromonia. The optimum 
pE range for the reaction is pH 5.4-5.8. The reaction is 
inhibited by arsenite; hydrozylamine. semicerbazide„ iodo-
acetate and ae.idc are vvithout effect. The extracts are highly 
specific for arginine and are useful for the quantitative 
degradation of the guanido group of arginine in the presence 
of guanido and oorbamido compounds and amino acids. 
2. Dialysed cell-free extracts metabolize citrulline to 
equimolar amounts of ornithines carbon dioxide and Eimmonia 
ff-
when supplemented with orthophosphate, Mg and adenosine 
diphosphate. Arsenate readily replaces orthophosphate; 
ff 
neither Ivlg nor adenosine diphosphate is then required. The 
pH optimum for the reaction, either in phosphate or arsenate, 
is pE 8.2-6.3. The reaction is inhibited by D-citrulline, 
L-ornithine and fluoride in the presence of phosphate or 
arsenate. Orthophosphate is inhibitory in the presence of 
arsenate, 
4, Decrease in orthophosphate concentration occurs 
during the conversion of citrulline to ornithine. The phos­
phate ester formed is hydrolyzed in 1 N hydrochloric acid at 
91 
100° C. in 10 minutes. Upon addition of g3-Ucose and hero-
kinase to tlie test system, ortiiophosphate disappears but no 
acid-labile ester can be detected. A complete checiical 
balance of products shoi?s that for each mole of citruliine 
degraded one mole of orthophosphate is required end one mole 
of adenosine triphosphate is formed. The ratio Mg (or COg) ; 
P is nearly one and remains constant with time. 
5, 'The reversibility of the citruliine phosphorylase 
14 
reaction has been deirxonstrated by use of C Og in exchange typa 
of experiments. A small net synthesis of citruliine has also 
been noted. Adenosine triphosphate is required for fiJiation 
of C^"Og. 
6. A mechanism for the bacterial degradation and synthe­
sis of citruliine is proposed. 
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